INTRODUCTION
============

Creativity refers to the ability to produce something novel and useful,[@B1] that can be measured by many aspects such as divergent thinking and free association using various tests.[@B2][@B3] As one of the divergent thinking production tests for creativity, the Torrance Tests of Creative Thinking (TTCT)[@B4] is one of the most well-known and commonly used batteries.[@B5] The TTCT is highly recommended in education and business fields.[@B6] In addition, it is suggested to be useful in the clinical field for testing the ability of divergent and flexible thinking in dementia patients.[@B7]

In recent years, major advances in neuroimaging technique enables us to elucidate brain areas involving specialized cognitive function such as creative thinking. Some studies using neuroimaging tools such as functional magnetic resonance imaging (fMRI) and electroencephalography have reported brain areas or networks for creativity (see reviews by[@B2][@B3][@B8]). Most of the imaging study for creativity have employed experimental tasks by using Alternative Uses Test and Remote Associates Test, but the studies using the TTCT are rare.[@B3]

In this study, we examined brain areas serving TTCT performance using an fMRI. TTCT consisted of two subsets, verbal and figural form. In particular, the figural TTCT has been revealed to be fair in terms of gender, culture, and language, socio-economic status, and cultural background,[@B9] so this study used the figural TTCT. We modified a paper-and-pencil test of the figural TTCT for an fMRI scanner to measure hemodynamic response in cortical regions engaged in figural TTCT performance. One of the figural TTCT items was presented for 30 s in MRI scanner, while participants were instructed to complete the given partial drawing in their mind. To capture only the cognitive process for figural TTCT, we controlled sensory processing by comparing brain activation during tracking the given stimulus. We hypothesized that creative thinking of the figural TTCT is served by bilateral brain regions including the prefrontal, parietal regions as other visuospatial divergent thinking production tasks.[@B10][@B11] This study will support the neural basis of creative thinking induced by figural TTCT.

METHODS
=======

Participants
------------

Twenty-five students (11 males, 14 females, mean age 19.9±1.8, range: 18--24) of Teachers\' College at Dongguk University, Seoul, Korea, enrolled in this study. Prior to the scanning session, participants\' creativity was evaluated based on the composite score of the parallel form A of the figural TTCT. The composite score of the test was called a Creative Index (CI) that is defined by sum of the averaged standard scores of the five subscales (i.e., fluency, originality, abstractness of titles, elaboration, and resistance to premature closure) and creative strength.[@B4] The participants\' mean CI of the figural TTCT form A was 107.1±23.7 (range: 67--141). The mean and standard deviation of each subscales were shown in [Table 1](#T1){ref-type="table"}. Participants were right-handed assessed by Edinburgh Handedness Inventory[@B12] and no one had the following states: previous neurological illness, history of learning disability, head trauma with loss of consciousness, current or past use of psycho stimulant medications, or pregnancy. This study was approved by the Institutional Review Board for Public Authority specified by Korean Ministry of Health and Welfare. After complete description of the study, all volunteers signed a written informed consent.

Stimuli
-------

This study used the figural TTCT to measure the creative thinking. The figural TTCT has two parallel forms, A and B and comprises three activities: picture construction, picture completion, and completion of repeated figures of lines or circles.[@B6] Among the activities, the picture completion was selected as an active condition and referred to as creative drawing imagery.

The parallel form A of the figural TTCT was used for screening the participants before scanning while form B was presented during the fMRI experiment. For the fMRI experiment, 12 line drawings were used for task conditions. Six of the line drawings were from the figural TTCT form B and only used for the creative drawing imagery (creative condition). The other six line drawings were devised as control stimuli and used only for the line-tracking (control condition). For each condition, the stimuli were counterbalanced across subjects.

Experimental tasks
------------------

The experiment was composed of two sessions: the scanning and recall session. In the scanning session, participants performed a task while lying in the MRI scanner. There were 12 trials and each trial consisted of three periods: an instruction, a fixation, and an item period ([Fig. 1](#F1){ref-type="fig"}). A trial began with an instruction shown for 7 s and subsequently fixation was presented for 3 s and an item for 30 s in turn. During the item presentation, subjects were instructed to either perform creative imagery or line-tracking according to the instruction. In fact, to adapt the figural TTCT for fMRI experiment, we abridged the original 10-minute activity of the figural TTCT to 30 seconds. In the creative condition, participants were instructed to complete the partially given line drawing in their mind, while in the control condition, participants were directed to keep tracking the given line with their eyes. Each condition was composed of six trials and arranged with alternative manner. All trials were presented using the E-Prime software (Psychology Software Tools, Pittsburgh, PA, USA) and projected on a screen behind the scanner. Participants viewed the visual stimuli through a mirror attached to a head coil. After completion of the scanning session, participants were asked to recall their complete figures outside of the scanner. This test session allowed confirming the compliance of the task of the participants.

fMRI data acquisition
---------------------

The imaging was done by the 3T Magnetom Skyra MRI scanner (Siemens, Munich, Germany) at Dongguk University Ilsan Hospital, Goyang, Korea. The echo planar imaging (EPI) pulse sequence parameters were repetition time (TR)/echo time (TE)=3000/30 ms; field of view (FOV)=200 mm^2^; flip angle=90°; spatial resolution=2.0×2.0×5.0 mm. Participants were instructed not to move and avoid moving their heads during the scanning session. In addition, a high-resolution T1-weighted 3-dimensional (3D) anatomical scan was obtained using 3D magnetization-prepared rapid gradient-echo sequence protocol with the parameters as follows: TR/TE=2300/2.29 ms; FOV=240 mm^2^; flip angle=80°; spatial resolution=0.9×0.9×0.9 mm.

fMRI data analysis
------------------

FMRI data analysis was conducted using Statistical Parametric Mapping (SPM) 8 toolbox (Wellcome Trust Centre for Neuroimaging, London, UK). Brain slices were realigned for motion correction, and T1-weighted anatomical images were co-registered to the mean EPI using a normalized mutual information. Subsequently, the spatial normalization parameter was estimated while the co-registered T1-weighted image was normalized to Montreal Neurological Institute (MNI) standard space by an affine and nonlinear algorithm, which was applied to EPIs. The normalized EPIs were smoothed with a Gaussian kernel of four mm full-width at half maximum to enhance the signal to noise ratio.

In the first-level statistical analysis (i.e., individual analysis), epoch-related blood oxygen level dependent response was modeled by box-car function with the convolution of canonical hemodynamic response function. Task-related brain activation was identified with the contrast of experimental condition\>control condition epoch. To identify the creativity-related brain activation, the second-level analysis (i.e., group analysis) was carried out. The resulting activations were found at *p*\<0.05 after family-wise error (FWE) correction for multiple comparisons, and observed at *p*\<0.001 with a minimum extent threshold of 50 contiguous voxels without correction for multiple comparisons. The threshold activation was overlaid on the 3D-brain image by projecting them onto the surface of the brain using SPM. Anatomical regions of the peak that survived were labeled using Talairach Client[@B13][@B14] after converting coordinates from MNI to Talairach space using icbm2tal transform.[@B15]

RESULTS
=======

Neural correlates of the figural creativity induced by TTCT
-----------------------------------------------------------

Group analysis of creative condition compared to control condition revealed two contiguous voxels in the right temporal regions, specifically fusiform gyrus (FWE corrected *p*\<0.05) ([Table 2](#T2){ref-type="table"}, [Fig. 2](#F2){ref-type="fig"}). To observe brain areas involved in creative imagery, we set a less conservative threshold at uncorrected *p*\<0.001 and found multiple brain areas of bilateral hemispheres including the right inferior frontal and bilateral middle frontal, precentral regions and the left superior frontal regions, and bilateral cingulate, precuneus and fusiform gyrus ([Table 2](#T2){ref-type="table"}, [Fig. 2](#F2){ref-type="fig"}). The findings indicate that the figural TTCT performance is executed by distributed brain regions, not by single region or a certain dominant hemisphere, as revealed by other visuospatial creative tasks based on divergent thinking production.

DISCUSSION
==========

In this study, we investigated brain regions involved in the TTCT, the most commonly used creativity test, using fMRI. As expected, group analysis revealed several brain areas in frontal, temporal, parietal, and occipital area activated during the figural form of the TTCT than during tracking the stimuli. Our findings are supportive of multiple and bilateral involvement in the brain for creative thinking, which is in accordance with previous findings (see reviews[@B3][@B10]).

Significant brain activation was revealed in the right fusiform gyrus. The right fusiform gyrus has been suggested to engage in visual imagery,[@B16][@B17] which is plausible since the task is an imagery task. This visual imagery region has stronger functional connectivity with precuneus, as a part of default mode network, when compared brain activation in artist to in non-artist during visual creativity tasks (i.e., planning an artwork).[@B18] They suggested this as the divergent thinking and producing novel ideas for creative thinking. In our study, precuneus was also activated bilaterally. Although we did not perform functional connectivity analysis among activated regions, two regional significant activation may indicate possible functional connectivity for creative thinking.

The resulting brain areas also included anterior cingulate regions covering Brodmann area (BA)24 and BA32, which is suggested to be modulated by the attention-demanding task requiring attention and effortful thoughts.[@B19] In the creative drawing imagery task, participants produce novel ideas and elaborate them, which might need more attention and cognitive loading and yield more activation in the anterior cingulate gyrus than simple line-tracking condition.

Additionally, we found greater brain activation in bilateral middle frontal regions during creative drawing imagery than line-tracking. These activated clusters belong to BA46, BA9, and BA8, that are parts of the dorsolateral prefrontal cortex (DLPFC). The activation of DLPFC is in line with the previous study on creativity using the figural TTCT[@B20] and another visuospatial creative task based on divergent thinking.[@B21] As suggested in the previous finding, the DLPFC is suggested to play a role in production of novel responses,[@B22] goal-related visual search,[@B23] focused attention,[@B24] analogic reasoning.[@B25] These functions may be critical for visual creativity.

In addition, BA6 is revealed to be activated during mental operation task,[@B26] which fits our creative task where volunteers were instructed to perform only in their mind. Bilateral temporal region of BA37 was also engaged, which is suggested to be a common node of language and visual perception.[@B27] It is also observed that the BA37 is co-activated with the left prefrontal region including BA9 and the right precuneus (BA7). BA9 engages in language control, verbal fluency and verbal reasoning,[@B28][@B29] while the right parietal precuneus (BA7) contribute to visuospatial representation.[@B30] This network may support creative imagery by providing semantic and linguistic information of visuospatial imagination.

Our findings revealed that neural correlates involved in figurative creative thinking were in bilateral and multiple brain regions including visual imagery, visuospatial presentation, attention, fluency and originality. Considering dementia patients suffer from cognitive deterioration such as visuospatial function and attention, fluency, etc., it would be of considerable interest to investigate creativity in dementia patients. Previous behavioral studies revealed the inability of patients with Alzheimer\'s disease to engage in creative thinking when generating novel object drawings and they tend to produce more perseverative errors than controls.[@B31] In a future neuroimaging study on creativity in dementia, these behavioral abnormalities may be represented as deactivation in the appropriate brain regions. In addition, creative activity is suggested to be a good rehabilitation strategy for dementia patients since creativity can regulate the emotional processing.[@B7] Its therapeutic effect might be explained in the brain regions found in this study.

In conclusion, this study examined the neural basis underlying the figural TTCT in the setting of an fMRI, providing evidence of brain areas involved in the figural TTCT. Considering a lack of study on task-evoked cortical areas for the TTCT in spite of growing interest in the use of the TTCT in clinical field,[@B7] this study provides supportive evidence of the neural correlates of the TTCT.
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![fMRI experimental paradigm for creative thinking using the figural TTCT. A modified figural TTCT was used to examine brain regions related to visual creativity using fMRI. fMRI experiments consisted of the two conditions: creative drawing imagery (creative) as an active condition and line-tracking (control) as a control condition. For each condition there were six trials, where an instruction was presented for 7 s, a fixation for 3 s, and an item for 30 s subsequently. The items for creative condition were from the figural TTCT form B while that for control condition were novel items devised for this study. fMRI: functional magnetic resonance imaging, TTCT: Torrance Tests of Creative Thinking.](dnd-16-48-g001){#F1}

![Brain regions revealing greater activation during creative drawing imagery compared to line tracking condition. Group analysis revealed brain activation for creative drawing imagery condition than line tracking condition (creative\>control) (*p*\<0.001, uncorrected for multiple comparisons; cluster size≥50). The threshold activations were revealed on 3D brain images by projecting results on to the surface of the brain. 3D: 3-dimensional.](dnd-16-48-g002){#F2}

###### Demographics of participants
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SD: standard deviation, TTCT: Torrance Tests of Creative Thinking.

###### Brain regions revealing greater activation during creative drawing imagery than line-tracking condition (creative\>control)
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^\*^The t-value indicated a peak survived at *p*\<0.05 after family-wise error correction.
